Changes in quality indices [total volatile base nitrogen (TVB-N), salt extractable protein (SEP), hypoxanthine (Hx), K-value, sensory assessment (SA), and electrical conductivity (EC)] for shrimp (Solenocera melantho) stored at −28, −20, and −12°C for 112 days were investigated in this study. The Arrhenius model and the radial basis function neural network (RBFNN) model were established to predict changes in the quality of shrimp during storage. Quality of shrimp stored at −12°C changed more quickly during 56-112 days, but those stored at −28°C deteriorated slowly during the entire storage period. Additionally, the indicators SEP, EC, and SA all fitted to the Arrhenius model well (relative errors within ±10%), but this model did not perform well in the prediction of K-value, Hx, and TVB-N on some days. However, the RBFNN model showed excellent accuracy for all indicators (relative errors within ±0.5%). The RBFNN model performed better than the Arrhenius model in predicting the quality of shrimp stored at −28°C to −12°C.
Introduction
Shrimp play an important role in the seafood market worldwide, which comprises about 20% of the total value in international seafood trade. [1] Shrimp are popular because they are nutritious and delicious. Because of globalization, people can consume shrimp from all over the world. However, shrimp die quite quickly after being caught. Similar to other seafood, shrimp are perishable because they are rich in water, protein, non-protein nitrogenous compounds, and other nutrients, which can be used rapidly by microorganisms. [2] The degree of loss in the quality of frozen seafood is mainly influenced by storage temperature. [3] The rapid spoilage and the close relationship between temperature and loss of quality make freezing preservation particularly important for maintaining good quality.
The Arrhenius model has been used widely for predicting the quality of food. In research on aquatic products, the Arrhenius model proved worthwhile and effective for predicting changes in the quality of crucian carps (Carassius auratus gibelio) and silver carp (Hypophthalmichthys molitrix) during storage. [4, 5] However, Wu et al. [3] applied the Arrhenius model for predicting the quality of bighead carp fillets, and found that several indicators could not be predicted accurately. Yao et al. [6] also reported that the Arrhenius model did not perform well in the late stage of storage for predicting the quality of crucian carp (Carassius carassius). Thus, more general and precise models need to be constructed.
The RBFNN model, a type of new model for predicting quality, has been applied rarely in food science. Nevertheless, the advantages of the RBFNN model in prediction are obvious from some reports. For example, RBFNN models have shown great accuracy for predicting the quality of water. [7, 8] The RBFNN model with a learning feature can train datasets automatically and obtain accurate predictive results. [9] However, there are only a few reports on the application of the RBFNN model for predicting changes in the quality of shrimp during storage. Ahmad et al. [10] reported that the RBF model can predict some quality parameter values of shrimp from −23 ± 0.5 to −10 ± 0.5°C satisfactorily with high reliability. [10] The objectives of this work were to explore changes in key quality indicators [total volatile base nitrogen (TVB-N), salt extractable protein (SEP), K-value, hypoxanthine (Hx), electrical conductivity (EC), and sensory assessment (SA)] of shrimp stored at different frozen temperatures (−28, −20, and −12°C), and to establish and compare the RBFNN and Arrhenius models for predicting the quality of stored shrimp. The average storage temperatures in about 30% of retail freezers were −18 to −28°C, while 20% were held at −10 to −12°C. [11] Thus, −28°C, −20°C, and −12°C were chosen as the experimental temperatures to address the practical application of this study.
Materials and methods

Materials
Raw fresh shrimp (Solenocera melantho; size: about 8 g of per shrimp) were harvested in Zhejiang Province, China, in December 2015. On the same day as capture, the shrimp were quick-frozen (refrigerator, Qingdao Haier Joint Stock Co., Ltd., Qingdao, China) to −28°C, and transported to the laboratory in Beijing, China. They were packaged and sealed in plastic bags. All shrimp were divided into three groups, and then stored in a refrigerator at −28°C, −20°C, and −12°C, respectively. Three replicate samples were taken randomly for analysis at specified intervals from samples at each storage temperature, and they were thawed at 4°C for 12 h before experiments.
TVB-N
TVB-N was determined by the semi-micro steam distillation method of Zhang et al. [12] with some modification. Five grams of homogenized shrimp sample was stirred with 50 mL distilled water for 30 min, and filtered at medium speed. The mixture of 5 mL filtrate and 5 mL MgO (10g L −1 ) was distilled for 5 min with a Kjeldahl Apparatus (KDY-9820, Beijing, China), with 5 mL distilled water as a control. An acid receiver contained boric acid and a mixed indicator absorbed volatile base components, and the result was determined by titration.
SEP
SEP was measured by the method of Wu et al. [3] with some modifications. One gram of shrimp sample was homogenized with 15 mL of cold distilled water for 30 s. After 20 min of extraction at 4°C, the homogenate was centrifuged at 10000 rpm for 20 min, and the precipitate was collected. Afterward, 15 mL pH 7.0 Tris-maleate buffer (0.6 M NaCl-20 Mm Trismaleate) was added to the precipitate and homogenized for 30 s. After 60 min of extraction at 4°C, the homogenate was centrifuged at 10000 rpm for 20 min again. The supernatant was diluted to 25 mL using the Tris-maleate buffer. Then 1 mL of dilutant was mixed with 4 mL Biuret reagent, and allowed to react for 20 min at 20°C. The absorption value at 540 nm of this sample was detected by a spectrophotometer (UNICO Instruments Co., Ltd, Shanghai, China) and SEP was calculated using the absorption value.
K-value and Hx
K-value and Hx determinations were carried out by the modified method of Liu et al. [13] One gram of shrimp sample was ground using 2 mL of perchloric acid (10% (v/v)), and centrifuged for 5 min at 6000 rpm with the supernatant collected. The sediment was washed twice by 2 mL 5% (v/v) perchloric acid and centrifuged (6000 rpm, 5 min) to collect the supernatant. The collected supernatants were all neutralized to pH 6.40±0.05 with 10 mol L −1 KOH, 1 mol L −1 KOH, and 5% (v/v) perchloric acid, and then centrifuged (6000 rpm, 5 min) to obtain the supernatant. The supernatant was diluted to 10 mL with pH 6.40 perchloric acid for analysis. After being filtered through a 0.22 μm membrane filter, the dilutant was analysed for ATP and its related compounds by a high-performance liquid chromatography (HPLC, (Shimadzu, LC-10ATseries, Japan), equipped with an SPD-10A (V) detector (254 nm) and a COSMOSIL 5C18-PAQ column (4.6ID Â 250 mm) as the stationary phase. A 50 μL sample was injected at the flow rate of 1 mL/min with pH 6.8 phosphate buffer as the mobile phase. The amount of ATP and its related compounds were identified and quantified by comparing the retention time and spectra based on their Sigma external standards. The equation for the K-value is as follows:
where ATP is triphosphate, ADP is adenosine diphosphate, AMP is adenosine monophosphate, IMP is inosine monophosphate, HxR is hypoxanthine riboside, and Hx is hypoxanthine.
Electrical conductivity
Five grams of the homogenized shrimp sample was stirred with 50 mL distilled water for 30 min, and filtered at medium speed. EC of the filtrate was determined using a digital EC meter (Mettler Toledo FE20/EL20, Shanghai, China).
Sensory assessment
A panel of five trained members from the laboratory carried out the sensory evaluation experiment based on a six-point scale, in which six was the best and one was the worst for each aspect. Each panellist evaluated one whole shrimp from a random pack of shrimp. The SA of the shrimp sample was evaluated by five aspects [colour (6, no discoloration; 1, extreme discoloration), morphological integrity (6, tight and complete; 1, extremely loose and incomplete), smell (6, extremely desirable; 1, extremely unacceptable), musculature (6, elastic; 1, extremely inelastic), and soap turbidity of boiled shrimp (6, clear; 1, extremely turbid)]. Scores of different aspects were all added up to obtain the overall sensory score. The total score below 15 was considered unacceptable.
Establishment of the arrhenius model
First, kinetic analysis of the experimental data was carried out by the method of Liu et al. [13] The rate of changes in quality can be indicated by the general kinetic reaction: [14] ÀdB
where B is the value of quality indices (TVB-N, SEP, K-value, Hx, EC, and SA) for samples stored for t days, k is the rate constant, and n is the kinetic order. Different orders of reaction equations can be obtained when substituting n =0, 1, and 2 into Eqn (1) with some transformations:
where B 0 is the initial value. The data were fitted to zero-order, first-order, and second-order reaction equations and analysed using the linear regression based on the plot of quality indicators (B, ln B, or 1/B) versus time. The coefficient of determination (r 2 ) was used to evaluate the appropriateness of each reaction. Arrhenius equation: [15] 
where k 0 is the pre-exponential constant, Ea is the activation energy (J mol -1 ), T is the absolute temperature (K), and R is the universal gas constant (8.3144 J mol -1 K -1 ). When substituting Eqn (5) into Eqns. (2), (3), and (4), the Arrhenius predictive equations can be obtained:
for a first À order kinetic equation :
for a second À orderkinetic equation :
Establishment of the RBFNN model
The RBFNN model is a promising feed-forward model that can predict nonlinear data effectively. [16] The model is built by adding new samples to the hidden layer and cutting the disused hidden nodes; information granulation and a genetical algorithm were used to optimize its parameters. [17, 18] The RBFNN can be trained to respond to specific inputs with target outputs.
The RBFNN is composed of an input layer, a hidden layer, and an output layer. The input layer is the link between the external environment and the network. Many nodes in the hidden layer use a radial basis function to apply a nonlinear transformation to the input data. [19] A Gaussian function is commonly used as the radial basis function in RBFNN, which is shown in equation (9) . [20] The outputs were generated based on linear combinations of activations of basis functions figured by hidden nodes. [15] The formula for calculating outputs is shown in Eq. (10). [20, 21] GðjjX
where X(i) is the input vector (the ith input node); S j is the centre of the jth hidden node; σ is spread (σ=0.5 is specified in this study).
where Z m (x) is the mth component of the output vector; W jm is the weight from the jth hidden layer neuron to the mth output neuron. The input layer is composed of two neurons, which received input signals for storage temperature (K) and time (day) and the output layer consists of six neurons, which are ΔTVB-N, ΔSEP, ΔK-value, ΔHx, ΔEC, and ΔSA (ΔB represents the quantity variance between indicator at time t and the initial value) in this study (Fig. 1) . Sample data (experimental values of TVB-N, SEP, K-value, Hx, EC, and SA at −28, −20, and −12°C) were normalized to the range of −1 to 1 and then they were used to train the RBFNN until the training error reached an acceptable range. [22] The number of neurons in the hidden layer was decided by the mean square error (MSE) value. [8] A well-trained RBF network model can calculate the results of the predicted values correctly. [20] Validation of the predictive models
The predicted values of the two models were compared with the experimental value at −28°C. Relative error (%), MSE, and r 2 were adopted to evaluate the capability of the models, which are as follows:
where Bpre is the predicted data, Bexp is the experimental data, and Bexp is the mean of experimental data.
Statistical analysis
Analysis of linear regression was conducted by Microsoft Office, Excel 2007. MatlabR2013b was used to establish the RBFNN model. Analysis of variance (ANOVA) and least significant differences (LSD) (testing difference between means at the level of P < 0.5 = were calculated using SPSS Statistics 21.0.
Results and discussion
TVB-N
TVB-N increased significantly (P < 0.05) during storage (Fig. 2a ) and the increasing rates of TVB-N increased with temperatures. The initial value was 11.6 mg/100g, which was higher than 9.94±0.86 mg/ 100g for Pacific white shrimp (Litopenaeus vannamei) [23] and lower than 13.3 mg N/100 g for deep-water pink shrimp (Parapenaeus longirostris). [24] On the 112th day, TVB-N of samples frozen at −28 and −20°C reached 22.2 and 22.8 mg/100g, respectively, which were significantly (P < 0.05) lower than 26.0 mg/100g of shrimp stored at −12°C. In addition, Gonçalves and Gindri Junior [25] reported that 20 mg /100 g was considered fresh for TVB-N. According to this level, samples at −28, −20, and −12°C could keep fresh for 84, 70, and 70 days, respectively. The lower the temperature, the slower the TVB-N increased. Similar results were obtained by Tsironi et al. [11] This may be because low temperatures can inhibit the growth and reproduction of bacteria as well as slow down the process of oxidative deamination for non-protein nitrogen compounds. 
SEP
SEP is an important indicator for frozen shrimp, which can reflect the degree of protein denaturation. [26] SEP decreased slightly during the first 56 days, while the rate of decrease became faster during the last 56 days, especially for samples stored at −20 and −12°C (Fig. 2b) . On the 56th day, SEP of shrimp frozen at −28, −20, and −12°C decreased to 95.42, 91.95, and 85.94% of the initial value, respectively, while it declined to 89.73, 66.76, and 20.25% at those same temperatures, respectively, on the 112th day. The results also showed that the higher the temperature was, the faster the SEP decreased, which was similar to the study of Wu et al. [3] SEP decreased significantly (P < 0.05 = for shrimp at −20°C and −12°C, especially after storage for 56 days. Nevertheless, the decrease for shrimp at −28°C was not significant (P < 0.05), which means that the storage temperature of −28°C can inhibit the decrease of SEP effectively. The formation of hydrophobic bonds, hydrogen bonds, disulphide bonds, and ionic interactions may contribute to protein denaturation and a decrease in SEP. [26, 27] 
K-value
The initial K-value was 18.15% (Fig. 2c) , which was similar to the result for white shrimp (18.97%). [28] The K-values of shrimp frozen at "−28,−20, and −12°C increased to 25.54%, 32.89%, and 57.47% on the 112th day, respectively. With extended storage time, the K-value increased significantly (P < 0.05), but it increased faster after 56 days. Moreover, the K-values of shrimp stored at higher temperatures increased more quickly, which was consistent with the conclusion of Xu et al. [21] That is, lower temperatures can slow down the autolysis rate of shrimp and inhibit the activity of 5'-nucleotidase, and the slower speed in ATP degradation can lead to a lower increasing rate of K-value.
[29]
Hx
The process of ATP degradation in shrimp is as follows: ATP → ADP → AMP → IMP → HxR → Hx. [28] ADP, IMP, AMP, HxR, and Hx are all produced in the process of ATP degradation, in which IMP and AMP represent freshness, and HxR and Hx are variables associated with a loss of freshness. [34] Thus Hx is an effective indicator to evaluate the degree of spoilage for shrimp. Hx values increased gradually during the storage period (Fig. 2d) . The increase in Hx at the low temperatures was slower than that at high temperatures, which was more obvious during the late period of storage. On the 56th day, the Hx values of shrimp frozen at "−28,−20, and −12°C were 0.401, 0.471, and 0.496 μmol/g, respectively, while on the 112th day, they reached 0.577, 0.644, and 1.016 μmol/g for those same temperatures, respectively. High temperatures may raise the activity of 5'-nucleotidase and expedite the degradation of ATP, which would contribute to the accumulation of Hx. [34] EC EC is a convenient index, which can affect the ultimate tenderness, water-holding capacity, and other qualities of seafood. [30] EC increased significantly (P < 0.05) with the extension of storage time at all experimental temperatures (Fig. 2e) . The higher the temperature was, the faster the EC increased. Shi et al. [5] reported similar findings. This may be due to ionic substances produced by bacteria, which can result in an increase in EC. [30] Additionally, decomposed muscle tissues may influence cell sap and surrounding extracellular tissues, which could also lead to increase in EC. [4] Low temperatures can partly inhibit the microbial population, and decomposition of muscle tissues, so the increase in EC was slow.
Sensory assessment
SA scores of shrimp stored at −28, −20, and −12°C decreased regularly during the storage period (P < 0.05) (Fig. 2f ). An SA score of 30 equals shrimp that is absolutely fresh, and 15 equals shrimp that has decayed. According to this standard, shrimp at −28, −20, and −12°C spoiled after storage at 84, 70, and 56 days, respectively, which was partly correlated with chemical indicators. Imran [31] also reported that the spoilage point in SA was reached faster at higher storage temperatures for chilled shrimp (Litopenaeus vannamei). Ketones, volatile aldehydes, sulphides, and esters produced by microbes, as well as fat oxidation, may result in rotten, fruity, and sulphydryl odours, which is equivalent to poor quality in SA. [31] The growth of microbes and biochemical reaction was more quick at high temperatures, so quality indicators (colour, morphological integrity, smell, musculature, and soap turbidity of boiled shrimp) declined soon. [32] Establishment of the arrhenius model 
Establishment of the RBFNN model
The experimental values of TVB-N, SEP, K-value, Hx, EC, and SA at −28, −20, and −12°C (594 data points) were used to establish, train, and test the RBFNN model. Only 70% of the data were selected randomly to establish the model, and 15% of the data were used to train the model, while the rest of the data were applied to verify the results in the case of overfitting. The number of neurons in the hidden layer was decided by the testing MSE (Table 2) . In this study, 29 neurons in the hidden layer contributed to the smallest MSE. Thus, the RBF network with 29 hidden neurons was constructed based on the training data.
Evaluation of the arrhenius model and the RBFNN model
To evaluate the effectiveness of the Arrhenius model and the RBFNN model based on shrimp frozen at different temperatures, predictive values were compared with measured values at −28°C (Table 3) . As Kaymak-Ertekin and Gedik [33] reported, models with relative errors below 10% can be considered acceptable. For the Arrhenius model, relative errors for SEP, EC, and SA were all within ±10%, while relative errors for TVB-N exceeded 10% on the 14th, 21st, 28th, and 84th days; relative errors for K-values exceeded 10% on the 7th, 14th, 28th, 42nd and 70th days; and relative errors for Hx exceeded 10% on the 7th, 14th, 84th, and 98th days. However, relative errors of all the indicators were below 0.5% for the RBFNN model. Moreover, all relative errors for the RBFNN model were smaller than those for the Arrhenius model. Thus, the RBFNN model was more accurate than the Arrhenius model in predicting the quality of frozen shrimp.
To evaluate the overall performance of each index, we compared the two models by MSE and r 2 calculated using the predicted values and the measured values ( Table 4 ). The MSE for each indicator calculated by the Arrhenius model was larger than that calculated by the RBFNN model, while the r 2 calculated by the Arrhenius model was smaller than that calculated by the RBFNN model. Therefore, the RBFNN model outperformed the Arrhenius model in overall performance.
Conclusion
Changes in quality of shrimp stored at −28°C occurred slowly during the entire storage period, while shrimp stored at −12°C deteriorated more quickly, especially in the last 8 weeks of storage. Reaction orders in the Arrhenius model of TVB-N, SEP, K-value, Hx, EC, and SA were 0, 0, 1, 1, 0, and 1, respectively. SEP, EC, and SA were well-fitted by the Arrhenius model with low relative errors (< 10%= between the measured values and predictive values, while the relative errors of TVB-N, K-value, and Hx surpassed 10% on some days. However, lower relative errors (within ± 0.5%)were found using the RBFNN model, which represented excellent accuracy in prediction. Overall, the RBFNN model is a promising tool for predicting the changes in quality of shrimp frozen at −28 to −12°C during the entire storage period, and the RBFNN model performed better than the Arrhenius model. The models provide a convenient way to predict changes in quality during storage, which is of great practical value to the shrimp industry. Further studies can be carried out to apply the RBFNN and Arrhenius models to predict changes in the quality of shrimp stored under different conditions. Finally, more work should be encouraged to establish and verify new types of models for predicting the quality of stored shrimp.
